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a  b  s  t  r  a  c  t

Functionally  selective  lanthanide-based  ion  mobility  shift  reagents  are  presented  as  a  method  to elucidate
protein  or  peptide  structural  information  as well  as relative  quantitation  of protein  expression  profiles.
Sequence  information  and  site  localization  of primary  amines  (n-terminus  and  lysine),  phosphorylation
sites,  and  cysteine  residues  can  be obtained  in  a  data  dependent  manner  using  ion  mobility-mass  spec-
vailable online 17 March 2011
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trometry  (IM-MS).  The  high  mass  of  the  incorporated  lanthanide  ensures  a  significant  shift  of  where  the
signal occurs  in  IM-MS  conformation  space.  Peptide  sequence  information  provided  by  the  use  of  IM-MS
shift reagents  allows  for  both  a  more  confident  identification  of  peptides  from  complex  mixtures  and  site
localization  following  tandem  MS experiments.  Stable  isotopes  of  the  lanthanide  series  may  also  be  used
as relative  quantitation  labels  since  several  lanthanides  can  be  utilized  in differential  sample  analyses.
roteomics

. Introduction

The rapid rise of mass spectrometry-based proteomics over the
ast two decades has brought with it many new challenges to
etect and characterize lower abundance peptides and proteins.
ass spectrometry (MS) is well suited to address several of the

hallenges of proteomic analyses since only a minute amount of
ample is required and it is readily adaptable to pre-ionization
eparation techniques (e.g., liquid chromatography, 2D gels, etc.)
hat reduce sample complexity [1–3]. While pre-ionization frac-
ionation methods have the advantage of simplifying the analysis
f complex samples, these methods also suffer from long analysis
imes as well as the need for a greater amount of sample. Recent

S-based proteomics research has focused on the development
nd use of post-ionization separations for the analysis of complex
iological mixtures.

Post-ionization separation techniques, such as ion mobility
pectrometry (IMS), offer the advantage of reducing spectral com-
lexity and greater peak capacity [4].  When combined with MS,

s ion mobility-mass spectrometry (IM-MS), it becomes a rapid
ethod for separation and mass identification of the components

f complex mixtures. Briefly, ions drift through an IMS  drift cell
nder the direction of a weak electrostatic field in the presence of a
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background buffer gas at ca. 4–10 Torr. As ions elute from the drift
cell they are pulsed orthogonally into a time-of-flight MS  (TOFMS).
Ion mobility separates complex mixtures on the basis of ion struc-
ture, thus ions of small collision cross section elute from the drift
cell faster than comparatively larger ions that encounter more col-
lisions with the background buffer gas.

IM-MS  separations partition complex mixtures with respect to
the gas phase packing efficiency of each class of molecule present.
For example, an analysis of ca. 600 singly-charged peptide sig-
nals indicates that >99% of these signals occupy a narrow band
of 5–7% deviation from an ion mobility versus m/z  correlation
function [5].  Other classes of biomolecules also provide distinct
correlations based on their preferred gas-phase packing effi-
ciencies (i.e., lipids < peptides < carbohydrates < oligonucleotides).
IM-MS  shift reagents utilize these correlations by shifting specific
analytes to areas outside of the correlation band where signals are
not predicted to occur.

Ion mobility shift reagents function by shifting signals contain-
ing specific chemical functionality to an area of conformation space
in which signals for that particular biomolecular class are not pre-
dicted to occur in the absence of labeling. For a particular molecular
class of given density, ion mobility scales as length squared, while
mass scales as length cubed. Therefore, two scenarios can be envi-
sionsed, ion mobility shift reagents of either lower [6] or higher
density [7],  which shift labeled signals to an area above or below the

correlation band, respectively. Lanthanide metal chelating agents
[8,9] can function as high density IM-MS  shift reagents since the
lanthanide metal imparts a large increase in mass to the labeled
peptide without a concurrent large increase in collision cross sec-
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http://www.sciencedirect.com/science/journal/13873806
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Fig. 1. A representation of the peptide correlation band in IM-MS conformation
space illustrating the collision cross section of ca. 600 singly charged peptides. Two
shift  reagent strategies are illustrated as balloons or anchors. The present manuscript
details high density shift reagents illustrated as anchors.
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performed as there are no native cystine bonds. The protein
was  subsequently digested with trypsin in a 1:40 weight to
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ion (Fig. 1). This report describes the use of such shift reagents
or the selective characterization of primary amines (n-terminus
r Lysine), cysteine residues, or sites of phosphorylation.

. Materials and methods

.1. Reagents

All peptides were purchased from American Peptide Company
Sunnyvale, CA) and proteins, as well as MALDI matrices, were
urchased from Sigma Aldrich (St. Louis, MO). Lanthanide met-
ls (as LnCl3 hydrates) were purchased from Strem Chemicals
or Research (Newburyport, MA)  and Sigma Aldrich. Functionally
pecific lanthanide-chelating labels were purchased from Macro-
yclics (Dallas, TX). All common solvents were also purchased from
igma Aldrich. Deionized water (18 M� cm)  was obtained from a
illipore (Bedford, MA)  water purification system. All purchased
hemicals were used without further purification.
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f  the lanthanide metal (Ln(III)) provides the necessary properties of high mass and relati
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2.2. Primary amine specific shift reagent

Peptides with differing numbers of primary amine sites
(e.g., n-terminal primary amine and lysine residues) were
selectively labeled by an IM-MS  shift reagent consisting of
a lanthanide-chelation moiety, a short linker region, and an
N-hydroxysuccinimide moiety for the specific modification of pri-
mary amine sites. Labeling reactions were performed as illustrated
in Scheme 1 whereby primary amine sites were modified by adding
a 10-fold molar excess of amine specific label using a borate buffer
at a pH of 10. Subsequent to amine modification, a lanthanide
(Ln(III)) metal atom is chelated within the macrocycle by adding
a 10-fold molar excess of Ln(III) and heating to 80 ◦C in an acetate
buffered solution at a pH of 5.6 [10].

All labeled peptides were desalted using ziptips (Millipore) prior
to analysis. MS  analysis was  performed on an Applied Biosystems
(Carlsbad, CA) Voyager DE MALDI-TOFMS. Ion mobility-mass spec-
trometry analysis was  performed using a Synapt G2 HDMS (Waters
Inc., Manchester, England). Labeled peptide samples were spotted
onto a MALDI target plate using the dried droplet method with 2,5-
dihydroxybenzoic acid (DHB) as the matrix in a matrix:analyte ratio
of approximately 100:1.

2.3. Cysteine specific shift reagent

Model cysteine-containing peptides were labeled using a shift
reagent consisting of a lanthanide-chelation moiety, a short linker
region, and a maleimide group for the selective modification of
the thiol sidechain of cysteine residues. Labeling reactions were
performed as illustrated in Scheme 1. Briefly, a Ln(III) metal was
chelated with the macrocycle by heating a 10-fold excess of metal
and label to 80 ◦C in an acetate buffered solution at a pH of 5.6.
Subsequent to metal chelation, cysteine-containing peptides were
modified by adding a 10-fold excess of lanthanide-shift reagent
complex to the peptides [10]. All labeled peptides were desalted
using ziptips (Millipore) prior to MS  analysis as detailed above.

2.4. Phosphopeptide specific shift reagent

IM-MS  separations selective for phosphorylation residues were
demonstrated using bovine beta-casein in a proof-of-concept
experiment. The protein was dissolved in ammonium bicarbon-
ate buffer (pH 8.0) and thermally denatured at 90 ◦C for 20 min
and quenched at −20 ◦C [11]. Reduction and alkylation was  not
weight ratio for 16–20 h at ∼37 C and purified by C-18 spin
columns (Pierce, Rockford, IL) prior to derivatization. Since beta-
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uccinimide) and cysteine specific (R2 = maleimide) shift reagents. The incorporation
vely small increased collision cross section required for high density shift reagents.
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Fig. 2. A representation of IM-MS relative quantitation analysis of a angiotensin II
(DRVYIHPF) labeled with the primary amine specific label (Tb:Ho) in a 2:1 ratio.
The  extracted mass spectrum of the labeled pair illustrating relative quantitation is
cheme 2. A schematic diagram of the labeling reactions utilized for selective label-
ng  at sites of phosphorylation. See text for a description of the specific reaction
onditions.

limination of glycans is a possible side reaction, enrichment of
hosphopeptides using TiO2 or immobilized metal affinity chro-
atography (IMAC) may  be required prior to phosphopeptide

abeling.
Labeling reactions were performed as illustrated in Scheme 2.

ryptic peptides were subjected to a one-pot beta-elimination
Scheme 2(i)) followed by Michael addition [12] (Scheme 2(ii)),
hereby the site of phosphorylation loses phosphoric acid fol-

owed by addition of an ethanedithiol linker. This reaction mixture
onsisted of 2.5 mM EDTA, 0.2 M ethanedithiol, 0.5 M NaOH, 1.5 M
cetonitrile, 1.5 M ethanol, 5 M DMSO, and water. The reaction was
llowed to progress for 1–2 h under nitrogen at 55 ◦C in a man-
er similar to reaction conditions described previously [13–15].
he samples were then neutralized and purified by gel filtration
Sephadex G-10, Sigma). Subsequently, the thiolated peptides were
abeled with a 10-fold excess of maleimido-DOTA (Scheme 2(iii)) in

 mixture containing acetate buffer (pH 5.5) and DMSO in 1:1 ratio
v/v), resulting in a covalent bond between the free sulfhydryl group
nd the maleimide portion of the lanthanide-based tag. Finally,
elected lanthanide metals were chelated to the maleimide portion
f the tag by adding a 100-fold molar excess of metal to peptide and
eating to 80 ◦C for 45 min  (Scheme 2(iv)) [10].

Differentially labeled samples were then combined and desalted
y C-18 spin columns (according to Pierce protocol) and analyzed
y MALDI-IM-MS. Peaks exhibiting a negative deviation from the
eptide correlation line were selected for IM-MS/MS fragmentation

n the transfer portion of the IM-MS.

.5. Protein digestion protocol

Proteins used for simulation of complex mixtures were digested
ccording to previously published methods [11]. Briefly, proteins

ere reduced (if required) and heat denatured at 90 ◦C. Ammo-
ium bicarbonate buffer (pH ∼8) was added followed by trypsin in

 ratio of 1:50 w:w. Digestion was allowed to proceed overnight
approximately 18–24 h) at ∼37 ◦C. Upon completion, the resulting
shown in the inset. Analysis was  carried out using MALDI-IM-MS.

peptides were desalted using C18 spin columns. Labeled peptides
were finally desalted using ziptips prior to analysis.

2.6. Multiplexed labeling

Multiplexed labeling was  accomplished by labeling primary
amines first, followed by the modification of cysteine residues.
Briefly, primary amine sites were modified followed immediately
by incorporation of a lanthanide metal. In a separate reaction, a
different lanthanide metal was  chelated with the cysteine spe-
cific label. The lanthanide–cysteine label complex was then used
to modify cysteine residues on the labeled peptide. Different met-
als can be used to optimize the overall mass shift of the multiply
labeled peptide. Samples subjected to multiplex labeling were
desalted using Ziptips (Millipore) prior to MS  and IM-MS  analysis
as described above.

3. Results and discussion

3.1. Utility of ion mobility shift reagents

High density shift reagents function by shifting specific peptide
signals to an area in IM-MS  conformation space where the par-
ent signal is not predicted to occur in the absence of labeling. For
peptides this corresponds to a drift time shorter than 5–7% of the
deviation about the ion mobility versus m/z correlation at a given
mass. The large mass of the lanthanide and the minimal branch-
ing of the label ensures that labeled peptide signals are shifted to
an area below the peptide correlation band as illustrated in Fig. 2.
Qualitatively, shift reagents allow for rapid, confident identification
of peptides since the selected reagent is selective for reaction at a
specific chemical functionality.

Labeling primary amines ensures that peptides from a complex
mixture (e.g., a tryptic digest) each are labeled at the n-terminus.
Peptides that contain a lysine residue are labeled twice (i.e., the
n-terminus and lysine side chain). While the correlation band is
shifted since each peptide is labeled, the addition of subsequent
labels shift the signal even further from the unlabeled peptide
correlation band. Through using different lanthanides to chelate
the label, relative quantitation between different samples can be
performed [20]. Furthermore, lanthanide-based shift reagents are
useful in the site localization of specific functionality since the

labels remain intact during typical tandem MS fragmentation con-
ditions as discussed below.
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Fig. 3. (a) 2D IM-MS plot of derivatized tryptic beta-casein. The signal corresponding
to  derivatized FQpSEEQQQTEDELQDK (indicated in a white dashed circle) exhibits a
negative deviation from the peptide correlation line (indicated by a black dashed
line), facilitating visual identification prior to fragmentation. (b) Fragmentation
spectrum of a Ho-labeled tryptic beta-casein phosphorylated peptide having the
sequence FQpSEEQQQTEDELQDK. Spectral peaks from 500 m/z to 2730 m/z were
enhanced 10× to increase visibility of b and y spectral assignments, as the [M+H]+

ion dominated the spectrum. Observed fragmentation peaks are indicated on the
peptide sequence above the spectrum and indicated in the spectrum. Fragmenta-
tion  coverage of 86.7% and 33.3% of the labeled peptide was observed for b and y
ions, respectively. One additional y ion was located, but were not reported due to
inadequate S/N. Importantly, all of the anticipated ions corresponding to labeled
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Fig. 4. (A) representation of IM-MS  analysis of multiplexed labeling. Briefly, a pep-
tide (sequence shown in part (B)) was labeled at both the N-terminal primary amine
(Tb labeled) and a cysteine residue (Ho labeled) according to Scheme 1. Panel (A)
illustrates the peptide correlation band (illustrated as a dashed line) showing a

for relative quantitation labels since nearly all tryptic peptides have
ositions are observed, demonstrating the utility of this label for phosphopeptide
ite identification as well as relative quantitation.

.2. Phosphopeptide labeling

Protein phosphorylation constitutes a large portion of bio-
ogically important post-translational modifications [16–18],  and
lucidating sites of phosphorylation presently remains challenging
19]. Challenges in phosphoproteomics continue to be lability of the
hosphate group and the substoichiometric amounts of phospho-
ylation. By selective labeling of this PTM with a high density shift
eagent followed by IM-MS  analysis, phosphorylated peptides and
roteins are shifted to regions of IM-MS  conformation space where
ignal is not predicted to occur. In this manner, phosphorylated
eptides may  be identified for fragmentation and further analysis
i.e., site identification) in a manner more rapid and more efficient
han traditional data-dependent and data-independent tandem MS

ethodologies.
To demonstrate our phosphorylation labeling strategy, bovine

eta-casein, a model phosphorylated protein, was selectively
abeled with a Ho-chelated mobility-shift label to visually identify
hosphorylated peptides in 2D IM-MS  conformation space prior
o fragmentation. The resulting underivatized tryptic peaks that
stablish the peptide correlation line and the derivatized phos-
horylated peptides are shown in Fig. 3(a). Upon visualization of

 negative deviation from the peptide correlation line, mobility
hifted phosphorylated peptides were selected for fragmenta-
ion to elucidate the site of phosphorylation. One mobility-shifted
eak was identified as a Ho-labeled tryptic peptide FQpSEEQQQT-
DELQDK. The tandem spectrum for this selected peptide is shown

n Fig. 3(b). The expected b/y series ions were observed, including

 ion coverage from the b3 to the b15 ion, labeled y14 and y15 ions,
9, y11, y13, and several labeled water loss ions with little evidence
tryptic digest of bovine serum albumin. The lower peaks are due to the multiply
labeled peptide shown in (B). The labeled peptide was  subjected to MS/MS to ensure
confident identification and label stability.

for fragmentation of the label. The stability of this label enables
predictable mass shifts of anticipated b and y ions which gives an
indication of the site of modification previously phosphorylated [7].
Furthermore, because this tag is not labile and does not show phos-
phorylation site rearrangement, it has an added advantage of more
confident phosphorylation site assignment when rearrangement
reactions are possible [19].

3.3. Multiplexed labeling

Multiplexed labeling, or labeling multiple functionalities on a
single peptide, is also demonstrated using lanthanide-based shift
reagents (Fig. 4). For example, labeling of primary amine and cys-
teine sites are accomplished using sequential labeling reactions.
Using a different lanthanide metal for each label affords the ability
to quantify the relative ratio of multiple functionalities on a sin-
gle peptide, for example using inductively coupled plasma-based
instruments. The relative ratio of functionalities would allow for
higher confidence in assigning peptide identification. Since the
labels remain intact through collision induced dissociation, tan-
dem MS  experiments for peptide identification and functionality
site localization are possible.

4. Conclusion

IM-MS  shift reagents can be used to gain several types of infor-
mation from samples. These reagents can be used to identify several
relevant chemical functionalities, including primary amine sites,
cysteine sites, and phosphorylation sites. In addition, the use of
different metals for different samples affords the utility of relative
quantitation experiments. Primary amine sites work well as targets
at least one primary amine site (n-terminus). Cysteine labeling can
be used to locate cysteine residues within peptides, thus increasing
the confidence of peptide identification. Furthermore, phosphory-
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ation sites may  be elucidated in a manner more rapid and with
reater confidence than traditional data-dependent tandem MS
ethods. Multiplexed labeling can also be used to rapidly iden-

ify specific peptides that contain both primary amine sites (e.g.,
ys residues) and cysteine residues for enhanced characterization
apabilities over contemporary proteomic approaches.
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